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1
METHOD FOR TRANSMITTING NON
BINARY ERROR CORRECTING CODE
WORDS WITH CCSK MODULATION, AND
CORRESPONDING SIGNAL AND DEVICE

PRIORITY CLAIM

The present application is a National Phase entry of PCT
Application No. PCT/EP2013/052842, filed Feb. 13, 2013,
which claims priority from FR Patent Application No.
1251334, filed Feb. 13, 2012, said applications being hereby
incorporated by reference herein in their entirety.

BACKGROUND OF THE INVENTION

The present invention relates to a method for transmitting
symbols of non-binary error-correcting code words via a
communication channel. These codes are defined over non-
binary sets. The invention has applications for example in
the transmission of non-binary LDPC (Low Density Parity
Check) codes or Reed-Solomon codes. The invention also
relates to the corresponding transmitted signal and the
receiving of such a signal.

The invention will be more particularly described in the
context of non-binary LDPC codes. LDPC codes are known
error-correcting codes for approaching the theoretical Shan-
non limit. Because of their performance in terms of noise
immunity, LDPC codes and particularly non-binary LDPC
codes have applications in many systems, for example
wireless communication systems, optical fiber, cable, digital
data storage systems, etc.

Non-binary LDPC codes, also known as NB-LDPC
codes, are constructed in a non-binary Galois field of order
q, conventionally denoted GF(q). The order q is generally a
power of 2, for example g=2. An LDPC code in GF(q) is
defined by a sparse parity check matrix H of size AxB whose
elements belong to GF(q), where A is the number of parity
constraints and B is the number of elements of GF(q) in the
code word. For a Galois field GF(4) composed of 4 elements
{0, 0®, a!, a?}, the parity matrix for A=3 and B=6 is for
example as follows:

This matrix can also be represented by a bipartite graph
(Tanner graph) with A parity nodes and B variable nodes
receiving the symbols of the code word. Each column of the
parity matrix is associated with a variable node and each row
of the matrix is associated with a parity node.

In order to transmit them on a communication channel
that is usually noisy, it is known to modulate non-binary
LDPC codes with an M-ary orthogonal spread-spectrum
modulation as described in the document entitled “Combine
Non-Binary LDPC codes with M-ary orthogonal spread
spectrum modulation”, Yu-zhen Huang, Yun-peng Cheng,
Yu-ming Zhang, Guo-hai Yu, Jin Chen, 2010 International
Conference on Wireless Communications and Signal Pro-
cessing (WCSP), 2010. The use of a spread spectrum
modulation provides better noise immunity.

In particular, this document discloses modulating the
symbols of NB-LDPC code words with an orthogonal
spread spectrum modulation using 2% Walsh-Hadamard
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sequences that are orthogonal to each other, with 2* equal to
the order q(=2?) of the Galois field GF(q) of the non-binary
LDPC codes, and M equal to the number p of bits of each
symbol of the Galois field GF(q). The size 2* of the
constellation of the orthogonal modulation is taken as equal
to the number q=2° of symbols of the field of NB-LDPC
codes so that there is no loss of information in the demodu-
lation. In that document, the demodulation is relatively
complex to implement, as it requires cross-correlation cal-
culations between each of the 27 Walsh-Hadamard
sequences and the noisy signal, which has a cost in terms of
implementation. In that document, the demodulation is
performed by means of 2 matched filters each associated
with a predetermined Walsh-Hadamard sequence. One aim
of the invention is to overcome the above disadvantage.

SUMMARY OF THE INVENTION

In the invention, we propose using cyclic code-shift
keying (or CCSK), instead of an M-ary orthogonal modu-
lation, to spread the spectrum of the transmitted signal.

More particularly, the invention relates to a method for
transmitting symbols of non-binary error-correcting code
words via a transmission channel, each code word symbol
comprising p bits, said method comprising a first modulation
step associating each p-bit code word symbol with a
sequence of at least 27 chips from 27 possible sequences, a
second modulation step to modulate the phase or amplitude
of at least one carrier signal with the sequences associated
with the code words, and a step of transmitting the modu-
lated carrier signal via said transmission channel, notewor-
thy in that the first modulation step is a spread spectrum
modulation of the cyclic code-shift keying type using a basic
pseudo-random sequence of at least 27 chips, the 27 possible
sequences being obtained by a circular shift of the basic
pseudo-random sequence, and in that the method further
comprises, after said second modulation step, a step of
inserting a cyclic prefix into each symbol to be transmitted.

With this method, the demodulation in reception can be
achieved by simple operations involving fast Fourier trans-
form (FFT) and inverse fast Fourier transform (IFFT).
Moreover, this method only requires one pseudo-random
generator to generate the 27 sequences.

The basic pseudo-random sequence is generated, at least
partially, by a linear feedback shift register that implements
a primitive polynomial of order p.

The code words processed are, for example, non-binary
LDPC code words or non-binary Reed Solomon code words.

The invention also relates to a device for transmitting
symbols of non-binary error-correcting code words via a
transmission channel, each code word symbol comprising p
bits, said device comprising a first modulator associating
each p-bit code word symbol with a sequence of at least 27
chips from 27 possible sequences, a second modulator to
modulate the phase or amplitude of a carrier signal with the
sequences associated with the code words, and a transmitter
for transmitting the modulated carrier signal via said trans-
mission channel, noteworthy in that the first modulator is a
spread spectrum modulator of the cyclic code-shift keying
type using a basic pseudo-random sequence of at least 27
chips, the 2% possible sequences being obtained by a circular
shift of the basic pseudo-random sequence, and in that it
further comprises a circuit able to insert a cyclic prefix into
each symbol to be transmitted.

The invention also relates to a non-binary error-correcting
code signal intended to be transmitted by the method defined
above.
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The invention also relates to a method for receiving a
non-binary error-correcting code signal transmitted on a
single carrier signal by the method defined above, charac-
terized in that it comprises a step of receiving the signal, a
step of deleting the cyclic prefix from each symbol, a step of
fast Fourier transform of the received signal in order to
generate samples in the frequency domain, and a step of
frequency equalization and calculation of log-likelihood
ratio values for said samples.

Indeed, the use of cyclic code-shift keying and insertion
of a cyclic prefix into each symbol to be transmitted is
particularly suited for wireless communication systems with
a single carrier signal, as the frequency equalization and the
calculation of log-likelihood ratio values can then be done
by the same FFT and IFFT operations.

Lastly, the invention also relates to a device for receiving
a non-binary error-correcting code signal transmitted on a
single carrier signal by the transmitting device as defined
above, characterized in that it comprises a receiver for the
transmitted signal, a circuit able to delete the cyclic prefix
from each symbol, a circuit for fast Fourier transform of the
received signal in order to generate samples in the frequency
domain, and a circuit for frequency equalization and calcu-
lation of log-likelihood ratio values for said samples.

The invention will be better understood, and other objects,
details, features, and advantages will become more apparent,
from the following detailed description, with reference to the
accompanying drawings which represent:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1, a block diagram of signal processing according to
the invention, comprising a step of CCSK modulation using
a basic pseudo-random sequence;

FIG. 2, a graph illustrating the correlation of a basic
pseudo-random sequence with a shifted version of this
sequence;

FIG. 3, a function diagram illustrating the calculation of
the log-likelihood ratio values in reception;

FIG. 4, a graph of curves illustrating the frame error rate
in reception, with and without CCSK modulation in trans-
mission, for a Gaussian channel;

FIG. 5, a block diagram illustrating the transmission and
reception of NB-LDPC codes via a multipath channel, in the
case of single carrier modulation preceded by CCSK modu-
lation;

FIG. 6, a block diagram illustrating the transmission and
reception of NB-LDPC codes via a multipath channel, in the
case of OFDM modulation preceded by CCSK modulation;
and

FIG. 7, a graph of curves illustrating the bit error rate in
reception in the case of single carrier modulation and in the
case of OFDM modulation.

DETAILED DESCRIPTION OF THE DRAWINGS

The invention proposes modulating the symbols of the
NB-LDPC code words delivered by an NB-LDPC encoder
with cyclic code-shift keying modulation, commonly
referred to as CCSK modulation, using a pseudo-random
sequence comprising at least 22 chips. The term “chip” refers
to binary information in the code of a spread spectrum
modulation.

FIG. 1 illustrates the steps of the method according to the
invention. In a step denoted 110, the NB-LDPC codes are
modulated with a CCSK modulation whose function is to
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4

associate each p-bit NB-LDPC code word symbol with a
pseudo-random sequence comprising 2¢ chips. Then, in a
step denoted 120, the sequences from step 110 are modu-
lated by a digital modulation whose function is to modulate
at least one carrier signal with the generated sequences from
step 110. In the example in FIG. 1, the modulation in step
120 is a BPSK modulation (Binary Phase-Shift Keying). In
this example, the sequences generated in step 110 modulate
the phase of the carrier signal. Modulations, other than
BPSK modulation, which modulate the phase or amplitude
of the carrier signal are of course possible for step 120.

During step 110, each p-bit symbol is associated with a
sequence of at least 27 chips. More specifically, each p-bit
symbol is converted into a specific sequence obtained by a
circular shift of a basic pseudo-random sequence denoted
PN, Thus, the computations to be performed in reception to
determine the transmitted sequence are autocorrelation com-
putations. The autocorrelation computations may be per-
formed using FFT and IFFT operations, which contributes to
simplifying the signal processing in reception.

An example of CCSK modulation is described below for
6-bit symbols within the Galois field GF(64=2°). As the
symbols have 6 bits, the pseudo-random sequence must
contain at least 64=2° chips so that there is no loss of
information. The basic pseudo-random sequence PN, is
chosen so as to provide good performance in terms of
autocorrelation. There are several known methods from the
literature for achieving this. In the present case, a sequence
of 63 chips is generated by a linear feedback shift register,
also referred to as an LFSR, to which is added an additional
chip to obtain a pseudo-random sequence of 64 chips. This
additional bit is added at any location in the sequence. Other
methods for generating pseudorandom sequences are pos-
sible.

The basic pseudo-random sequence PN, is, for example,
the following 64-bit sequence:

1000001000011000101001111010001110010010110111
011001101010111111

This sequence is generated by an LFSR implementing the
irreducible polynomial P(x)=1+x+x° and one additional bit.

The autocorrelation properties of this sequence PN, are
illustrated by the curve in FIG. 2, obtained with a BPSK
modulation such as BPSK(x)=1-2x with xe{0,1}. As can be
seen from this Figure, the autocorrelation of this basic
pseudo-random sequence, after BPSK modulation, has a
single main peak when the shift is zero and nonzero sec-
ondary peaks. We can therefore infer that the CCSK modu-
lation is not orthogonal. In addition, this sequence provides
good performance in autocorrelation, as the distance
between the main peak and the secondary peaks (shifts of
24, 32 and 40 chips) is relatively large.

From this sequence PN, 63 other sequences are gener-
ated by a circular shift of the sequence PN,,, each sequence
being associated with an element of the Galois field GF(64).
The sequence PN, is associated with the zero element of the
Galois field GF(64). The other elements o of GF(64), where
ke[0,62], are obtained by a circular shift of sequence PN, by
k+1 positions to the right.

The summary table below shows the sequences of 64
chips associated with each element of the Galois field
GF(64):
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Binary
Symbols representation
of of
GF(64 = 2) elements

CCSK sequences of 64 chips

000000
000001
000010
000100
001000
010000
100000
000011
000110
001100
011000
110000
100011
000101
001010
010100
101000
010011
100110
001111
011110
111100
111011
110101
101001
010001
100010
000111
001110
011100
111000
110011
100101
001001
010010
100100
001011
010110
101100
011011
110110
101111
011101
111010
110111
101101
011001
110010
100111
1001101
011010
110100
101011
010101
101010
010111
101110
011111
111110
111111
111101
111001
110001
100001
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1000001000011000101001111010001110010010110111011001101010111111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We will now describe the demodulation of the signal 60 PN,=[p,5 p.% - . .

modulated in this manner, after transmission of the signal in
a noisy channel and more specifically in a non-frequency-
selective Rayleigh channel with slow fading.

In the remainder of the description, the following nota- X, A% x5

tions are used:

XeGF (64) is any code word symbol; 65

, Psa"] is the sequence obtained by

shifting the sequence PN, by k positions, with ke[0,63];
Vie[0,63], PN [i]=PN,[(i+k) mod 64];

, X5*] is the 6-bit symbol which

corresponds to the sequence PN, X, eGF (64);

Y=[yo Y15 - - - » Y3l is the BPSK signal of any CCSK Y A 1vo5 v.5 . . ., V5] is the BPSK signal of the sequence

sequence;

PN,; and
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7=[7y, 2,, . . ., Zs3] 1s the noisy signal received, with z,e
R, Vie[0,63].
The transmission channel considered here is a non-fre-
quency-selective Rayleigh channel; the discrete representa-
tion of the received signal is in the form:

Vie[0,63]z,=h;yn;

where -n,, is an additive white Gaussian noise (AWGN)
sample comprising identically distributed and indepen-
dent samples having a zero mean and a spectral density
of power N/2; and

h, is described by the following Rayleigh probability
density function:

P(h;)=2-h;e”*¥ for h;>0

H=[hg, h,, . . ., hg;] indicates the set of Rayleigh factors
associated with a received symbol of 64 chips. If h=1 Vi
€0, 63], the channel is an AWGN channel.

The status of the transmission channel is assumed to be
known by the receiving device. The transmission of state
information for the channel is considered ideal. In reception,
each signal z, is equalized by the associated factor h,.

To decode the received signal, the decoder must receive as
input the log-likelihood ratio values or LLR values. The
mathematical expression of these LLR values is as follows:

P(Z/(H,X:Xk))] (65)]

P(Zyn,x=x))
_ 1‘{ P(Z/(H,Y:Yk))]

P(Zyn,y=v))
63

[P )

i=0

LLR(X,) = 1,{

63

1_[ P(Z"/(hivyi:y?))

i=0

However,
1 (Zi_hi'y{'()z]
PlZs i) = e 'eXP(— 302

We thus obtain:

1 & 1 &
LLRX) = — - 3 (heyhoa) = — > Oy 20)
=0 =0

As the variance o of the channel is a constant term, this
term can be eliminated to simplify the calculations. We then
obtain the simplified expression

63

63
LLR(X) = 3 (hi-yh -z = ) i3 -20)

i=0 i=0

Each of the two sums in the above expression is the
correlation between the received signal weighted by the
Rayleigh coeflicients and one of the possible CCSK
sequences. As a result, it is possible to calculate the LLRs
using FFT and IFFT operations as represented in FIG. 3.

The complex conjugate of the FFT of the sequence Y, and
the FFT of the received signal Z weighted by the Rayleigh
coeflicients H are calculated. The IFFT of the product of
these two results is then calculated to obtain the required
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correlation values, which is Z@ Y. Finally the correlation
value of Z()DYO is subtracted from the correlation values
Z@Yk to obtain the value LLR(X,). In this example, we
obtain LLR(X,)=0. Alternatively, it is possible to replace the
term P(Z,z, xx,) in expression (1) of LLR(X;) with the
term having the lowest value. In this case, the values of the
LLRs are all positive.
The performances with this processing are illustrated by
the curves in FIG. 4. The frame error rate FER is evaluated
for a channel affected by additive white Gaussian noise
(AWGN), with and without CCSK modulation.
The decoding algorithm employed to obtain these curves
is an EMS (Extended Min-Sum) algorithm, which is well
known to a person skilled in the art and which is described
in detail in the document entitled “Algorithmes simplifies
pour le décodage de codes LDPC non binaires” (Simplified
algorithms for decoding non-binary LDPC codes) by A.
Voicila, D. Declercq, M. Fossorier and F. Verdier, GRETSI,
Louvain-la-Neuve, Belgium, September 2005. This algo-
rithm is a sub-optimal algorithm intended to reduce decod-
ing complexity. For each decoding iteration, the variable
nodes and the parity nodes only exchange the n,, most
reliable LLR values.
FIG. 4 shows some simulation results in graphical form:
a first curve illustrates the decoding performance without
CCSK modulation;

a second curve illustrates the decoding performance with
CCSK modulation; and

a third curve illustrates the performance of a theoretical
AWGN channel.

The simulations were performed with the following cod-
ing and decoding parameters:

the NB-LDPC codes are within the Galois field GF(64);

the length of the NB-LDPC codes is equal to 192 symbols

or 192x6 bits;
the code rate (the ratio of useful information bits to all bits
transmitted) is 0.5;

the degree of rows and the degree of columns of the parity
check matrix used for coding and decoding are respec-
tively 4 and 2;

the EMS algorithm only takes into account the 24 most

reliable LLR values;

the maximum number of iterations for the decoding is

limited to 8; and

the pseudo-random sequence used for the CCSK modu-

lation is the sequence PN, defined above.

The third curve illustrating the performance of a theoreti-
cal AWGN channel corresponds to the transmission of a
code 196x64 bits in length and a code rate of 3/64. These
two values respectively correspond to the effective code
length and effective code rate of NB-LDPC coding with
CCSK modulation.

These curves give the frame error rate FER as a function
of the ratio E,/N, expressed in decibels, where E, is the
energy transmitted per bit and N, is the noise spectral
density.

From these curves, we observe that the CCSK modulation
improves the decoding performance. This improvement is
explained by the diversity introduced by the CCSK modu-
lation. CCSK modulation increases the effective code
length, advancing from 192x6 bits without CCSK modula-
tion to 192x64 chips with CCSK modulation.

Moreover, as indicated above, the LLR values are calcu-
lated in the frequency domain via FFT and IFFT operations.
This property of the CCSK modulation is highly attractive in
the field of wireless communication systems using a single
carrier with frequency domain equalization or SC-FDE. The
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FFT values calculated for the received signal can then be
used both for the calculation of the LLR values and for the
frequency equalization. In the field of wireless communica-
tion systems, this gives SC-FDE single carrier systems an
advantage over multi-carrier OFDM (Orthogonal Frequency
Division Multiplexing) systems in which the equalization is
performed on a temporal representation of the received
signal.

This benefit is illustrated by FIGS. 5 and 6 which respec-
tively represent the block diagrams of an SC-FDE system
and of an OFDM system, these two systems comprising a
CCSK modulation step and an equalization step.

In both systems, an NB-LDPC encoder performs a coding
step (step 100 for the SC-FDE system; step 200 for the
OFDM system). This coding step consists in particular of
adding redundancy to the input data so as to generate code
words each comprising a predetermined number of symbols
of the Galois field GF(q). Each code word symbol is then
converted (step 110; step 210) into a CCSK sequence having
a length greater than or equal to q chips. The CCSK
sequences are then used to modulate a carrier signal in a
BPSK modulation step (step 120; step 220).

In the SC-FDE system (FIG. 5), a cyclic prefix CP is
inserted (step 130) after the carrier signal modulation step.
This step includes a step 131 of serial-parallel conversion, a
step 132 of inserting the actual cyclic prefix, and a step 133
of the reverse conversion. The cyclic prefix CP is thus added
directly to each BPSK-modulated symbol, referred to as
symbol SC.

In the OFDM system (FIG. 6), after the serial-parallel
conversion (step 231), a g-point Inverse Fast Fourier Trans-
form (step 234) is applied to the BPSK-modulated CCSK
sequence in order to obtain OFDM symbols of q elements to
which a cyclic prefix is added (step 232). A parallel-serial
conversion (step 233) is then carried out after the insertion.

In both systems, the cyclic prefix is a symbol extension
obtained by copying the last elements of each OFDM or SC
symbol and placing them in front of the symbol. The length
of the cyclic prefix is preferably greater than the maximum
delay of the multipath channel. The effect of inter-symbol
interference from one symbol on the next symbol is then
confined within the cyclic prefix of the next symbol so that
this will not affect the FFT of the next symbol. The SC and
OFDM symbols are then transmitted (step 140; step 240) via
a multipath channel to a remote receiver. Once the cyclic
prefix is deleted in reception, the received signal is circularly
convolved with the channel impulse response so that the
frequency equalization is done by dividing the fast Fourier
transform of the received signal by the channel transfer
function.

The receiver receives (step 150 for the SC-FDE system;
step 250 for the OFDM system) the transmitted symbols and
performs a step of deleting the cyclic prefix (step 160; step
260), a step of serial-parallel conversion (step 170; step 270)
before a global step of equalization and calculation of LLR
values (step 180; step 280). The calculated LLR values are
then decoded by an NB-LDPC decoder (step 190; step 290).

Steps 180 and 280, performing the equalization and the
calculation of LLR wvalues, are different. In the SC-FDE
system, step 180 contains a single FFT step 181, serving for
both the equalization and the calculation of LLR values (step
182). An IFFT operation (step 183) is then applied to obtain
the LLR values. In the OFDM system, step 280 comprises
two FFT steps, a first FFT step 281 preceding the equaliza-
tion step 282 and a second FFT step 283 preceding the step
of calculating the LLR values 284. An IFFT step 285 is
finally applied to obtain the LLR values.
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The equalization and the calculation of LLR values are
described below for both systems. For these steps, the
following notations are used:

x denotes the BPSK-modulated CCSK sequence;

Xorpa~1FFT(X) is the OFDM symbol associated with x;

Xs-~X is the SC symbol;

Yorpar 18 the OFDM symbol received after deleting the

cyclic prefix;

Vo is the SC symbol received after deleting the cyclic

prefix;

h is the channel impulse response; and

n is a vector of q complex Gaussian noise operations.

The equalization performed is MMSE (Minimum Mean
Square Error).

In the case of the OFDM system (FIG. 7), the signal
Yorpar Obtained after deleting the cyclic prefix from the
received signal can be written as follows:

D-1
Yorom () = ) h(j)Xorpu (i = jmod g) +n(D)
=0

Viel0,g-1]

where D is the maximum channel delay.

If we define the g-point FFT of y,zps, by the relation
Y 0rondM)=FET, (Y opns) Where m is the m” point of the
FFT, and the FFT of h by the relation H(m)=FFT,, (h), then
the m” coefficient of the MMSE equalization is defined by
the relation:

H(m)*

ﬁm:W VYmel0,g-1]

where o is the deviation of the Gaussian noise.
After equalization, the sample Y(m) becomes the sample
Z(m) defined by the following relation:

Z(m)=B,Yorpudm)Vme[f0,q4-1]

The calculation of the correlations is then performed in
the frequency domain. The equalized samples are thus
transposed into the frequency domain by step 283 and the
correlations are then calculated by multiplying the FFT of Z
by the conjugate FFT of the BPSK-modulated sequence
PN,. The vector of the correlation values is obtained by
means of the IFFT. Lastly, normalization yields the vector of
the LLR values.

In the case of the SC-FDE system (FIG. 6), the signal
obtained by deleting the cyclic prefix from the received
signal can be defined as follows:

D-1
Yse() = Z h(§) - xsc(i = jmod g) + n(i)
=

Viel0,g-1]

The m™ coefficient of the MMSE equalization is defined
by the relation:

. Hmy
T [ Hm)| + o2

P Vmel0,g-1]
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In this case, computation of the LLR values can be
performed at the same time as the equalization. If we denote
the m” coefficient of the fast Fourier transform of the
BPSK-modulated sequence PN, as v,=FFT(PN,)(m), the
equalization and the computation of the LLR values are
performed by:

Z(m) =y B Ysc(m)Vme [0,9-1]

The vector of correlation values is then obtained by
applying an IFFT to Z (step 285). The vector of LLR values
is obtained by normalizing the vector of correlation values.

Thus, in the case of a single carrier system, the step of
frequency equalization and the step of calculating the cor-
relation values can be merged into a single step. Only one
FFT step is necessary in reception. The use of CCSK
modulation is therefore particularly advantageous in single-
carrier systems.

FIG. 7 illustrates the decoding performance of both the
OFDM and SC-FDE systems. This Figure graphs the simu-
lation results as curves. A first curve represents the results of
the OFDM system and a second curve represents the results
of'the SC-FDE system. The LDPC code used is defined over
GF(64), the length being 1008 bits and the rate being 1/2.
The EMS algorithm has the same parameters as those used
for the simulations in FIG. 4. One will note that the
performance in terms of bit error rate BER are almost
identical in both systems.

It follows that, given their low implementation cost (only
1 pseudo-random generator in transmission; only one FFT
operation in reception), single-carrier systems using NB-
LDPC codes and CCSK modulation can be regarded as a
very attractive solution for the wireless communication
systems of the future. These systems have also a crest factor,
commonly referred to as PAPR (Peak to Average Power
Ratio), that is lower than in OFDM systems. This reduces
the signal transmission power and allows the use of smaller,
less expensive amplifiers operating linearly over the range of
variation of the signal, in comparison to OFDM systems. It
also reduces the power consumption of the system.

Although the invention has been described in relation to
various specific embodiments, it is obvious that it is in no
way limited thereby and that it includes all technical equiva-
lents of the means described as well as any combinations if
these lie within the scope of the invention.

The invention claimed is:

1. A method for transmitting symbols of non-binary
error-correcting code words via a single carrier system, each
code word symbol comprising p bits, wherein p is an integer
greater than 0, said method comprising:

a first modulation step associating each p-bit code word
symbol with a sequence of at least 22 chips selected
from a set of 27 sequences,

a second modulation step to modulate a phase or ampli-
tude of a single carrier signal with sequences associated
with the non-binary error-correcting code words and
generate modulated symbols having a size equal to a
size of the sequences associated with the non-binary
error-correcting code words, and

a transmission step for transmitting the modulated single
carrier signal via said transmission channel,

wherein the first modulation step is a spread spectrum
modulation of a cyclic code-shift keying type using a
basic pseudo-random sequence of at least 27 chips, the
27 sequences being obtained by a circular shift of the
basic pseudo-random sequence, and wherein the
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method further comprises, after said second modulation
step, a step of inserting a cyclic prefix into each
modulated sequence.

2. A method for receiving a non-binary error-correcting
code signal intended to be transmitted according to the
transmission method of claim 1 and transmitted on a single
carrier signal, comprising:

a step of receiving the non-binary error-correcting code

signal,

a step of deleting the cyclic prefix from each symbol;

a step of fast Fourier transform of the received signal in
order to generate samples in frequency domain, and

a step of jointly performing frequency equalization and
calculation of log-likelihood ratio values for said
samples.

3. A transmitter capable of transmitting symbols of non-
binary error-correcting code words via a single carrier
system, each code word symbol comprising p bits, wherein
p is an integer greater than 0, said transmitter comprising:

a first modulator associating each p-bit code word symbol
with a sequence of at least 27 chips selected from a set
of 2% sequences,

a second modulator to modulate a phase or amplitude of
a single carrier signal with sequences associated with
the non-binary error-correcting code words and gener-
ate modulated symbols having a size equal to a size of
the sequences associated with the non-binary error-
correcting code words, and

a transmitter circuit capable of transmitting the modulated
single carrier signal via said transmission channel,

wherein the first modulator is a spread spectrum modu-
lator of a cyclic code-shift keying type using a basic
pseudo-random sequence of at least 27 chips, the 27
possible sequences being obtained by a circular shift of
the basic pseudo-random sequence, and

wherein the transmitter further comprises a circuit capable
of inserting a cyclic prefix into each modulated
sequence.

4. A receiver comprising:

a receiver circuit capable of receiving a transmitted non-
binary error-correcting code words transmitted on a
single carrier signal, wherein each non-binary error-
correcting code word symbol comprising p bits,
wherein p is an integer greater than 0, the modulated
single carrier signal carrying modulated sequences
each comprising a cyclic prefix and modulated symbols
having a size equal to a size of sequences of at least 2
chips selected from a set of 2 sequences, the modu-
lated symbols being generated by a phase or amplitude
modulation of at least one carrier signal with the
sequences of at least 27 chips, each p-bit non-binary
code word symbol being associated with a sequence of
the set of 27 sequences by a spread spectrum modula-
tion of a cyclic code-shift type using a basic pseudo-
random sequence of at least 27 chips, the 27 sequences
being obtained by a circular shift of the basic pseudo-
random sequence,

a circuit capable of deleting the cyclic prefix from each
modulated sequence,

a circuit capable of fast Fourier transform of the received
signal in order to generate samples in a frequency
domain, and

a circuit capable of jointly performing frequency equal-
ization and calculation of log-likelihood ratio values for
said samples.



